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of the S. cerevisiae rad54 mutant (Kanaar et al., 1996),CH-4005 Basel
respectively, suggesting that the function of these genesSwitzerland
is conserved during evolution. Consistent with this view,²Bayer-chair Department of Molecular Immunology
the biochemical properties of the human Rad51 proteinand Allergy
are similar to those of the S. cerevisiae Rad51 proteinKyoto University Medical School
(Benson et al., 1994; Sung and Robberson, 1995). How-Kyoto 606
ever, no radiosensitive mutant has been linked to anyJapan
of thesegenes in vertebrates. It has recently been shown
that the RAD51 homolog is essential for early murine
embryonic development (Tsuzuki et al., 1996).Summary
Gene constructs transfected into S. cerevisiae inte-
grate predominantly into the endogenous loci (Roth-
rad54 mutants of the yeast Saccharomyces cerevisiae
stein, 1983). This targeted integration has been postu-
are extremely X-ray sensitive and have decreased mi- lated to reflect DSB repair mediated by the RAD52
totic recombination frequencies because of a defect pathway, since it is dependent on the RAD52 gene prod-
in double-strand break repair. A RAD54 homolog was uct and is strongly enhanced by a DSB in the transfected
disrupted in the chicken B cell line DT40, which under- donor DNA (Orr-Weaver et al., 1981; Orr-Weaver and
goes immunoglobulin gene conversion and exhibits Szostak, 1983; Szostak et al., 1983). It is not known
unusually high ratios of targeted to random integration whether mutations in the RAD54 gene affect targeted
after DNA transfection.Homozygous RAD542/2 mutant integration in S. cerevisiae, but a 15-fold reduction has
clones were highly X-ray sensitive compared to wild- been found in a rad54 mutant of S. pombe (Muris et al.,
type cells. The rate of immunoglobulin gene conver- 1996). Targeted integration occurs less frequently after
sion was 6- to 8-fold reduced, and the frequency of transfection of mammalian cells, and most constructs
targeted integration was at least two orders of magni- insert at random chromosomal positions (Smithies et
tude decreased in the mutant clones. Reexpression al., 1985; Thomas et al., 1986). This low incidence of
of the RAD54 cDNA restored radiation resistance and targeted integration in mammalian cells may be attrib-
targeted integration activity. The reported phenotype uted to the predominance of a so-called end-joining
provides the first genetic evidence of a link between pathway that repairs DSBs without requiring sequence
double-strand break repair and homologous recombi- homology of the DNA substrates (reviewed in Weaver,
1995).nation in vertebrate cells.
The chicken B cell line DT40 has been proposed as
a model to investigate the genetics of homologous re-Introduction
combination in vertebrates (Bezzubova and Buerstedde,
1994). Similar to bursal B cells (Thompson and Neiman,Studies in Saccharomyces cerevisiae have defined the
1987; Reynaud et al., 1987), DT40 continues to diversifyRAD52 epistasis group of genes, which is believed to
its immunoglobulin (Ig) light chain locus by gene conver-represent a pathway for the repair of DNA double-strand
sion with pseudogenes serving as donors (Buersteddebreaks (DSBs) by homologous recombination (Game
et al., 1990). A surface IgM±negative (sIgM2) variant of
and Mortimer, 1974; Petes et al., 1991; reviewed in
DT40, named CL18, contains a frameshift in its re-
Game, 1993). Among the known members of the RAD52
arranged V segment that can be repaired by overlapping
group, the RAD51, RAD52, and RAD54 genes form a gene conversion events, leading to reexpression of sIgM
subgroup since the corresponding mutants possess (Buerstedde et al., 1990). The DT40 cell line is remark-
similar phenotypes. Inactivation of the RAD54 gene ren- able in another respect: it shows high ratios of targeted
ders S. cerevisiae cells highly sensitive to X-rays (Budd to random integration after DNA transfection (Buer-
and Mortimer, 1982; Calderon et al., 1983) and strongly stedde and Takeda, 1991; Takeda et al., 1992; Dieken
reduces both spontaneous and induced mitotic recom- et al., 1996). The increased ratios of gene targeting in
bination frequencies (Saiki et al., 1980). It has been di- DT40 may be related to the Ig gene conversion activity,
rectly shown that X-ray±induced DSBs persist for a long since both processes are homology dependent and may
time in the rad51, rad52, and rad54 mutants (Contopou- therefore share enzymatic activities.
lou et al., 1987). Deletion of a RAD54 homolog in the We report here that RAD542/2 disruption mutants in
yeast Schizosaccharomyces pombe produces a pheno- DT40 have a phenotype similar to the phenotype of
type similar to that of rad54 mutants in S. cerevisiae rad54 yeast mutants.
(Muris et al., 1996, 1997).
Structural homologs of the RAD51, RAD52, and Results
RAD54 genes of S. cerevisiae have been cloned in verte-
brates during the past few years (Bezzubova et al., Isolation of the Chicken RAD54 cDNA
1993a, 1993b; Morita et al., 1993; Shinohara et al., 1993; The isolation of a cDNA fragment encoding part of a
chicken Rad54 (GdRad54) homolog has been describedBendixen et al., 1994; Muris et al., 1994; Kanaar et al.,
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Figure 1. Structural Conservation of the Rad54 Proteins
Amino acid sequence comparison of the chicken (GdRad54), human (HsRad54) (Kanaar et al., 1996), and S. cerevisiae (ScRad54) (Emery et
al., 1991) Rad54 proteins. The exact sequence of the first nine amino acids of GdRad54 remains speculative. Identical amino acids are shaded.
The comparison was made using the Clustal method of the Lasergene Navigator (DNASTAR, Madison, Wisconsin).
previously (Bezzubova and Buerstedde, 1994). This frag- therefore possible to design two different gene disrup-
tion constructs that were at least partly isogenic toeitherment was used to purify two partially overlapping clones
from chicken testis and bursa cDNA libraries. Since the one of the two RAD54 DT40 alleles. One targeting con-
struct, RAD54neo, contained the 75/94 PCR fragmentcDNA sequence assembled from the two clones still
lacked the 59 end, a degenerate primer encoding the upstream and the shorter 77/92 PCR fragment (allele 1)
downstream of the neomycin resistance marker. Thenine conserved N-terminal amino acids of the murine
and human Rad54 proteins (Kanaar et al., 1996) was second construct, RAD54his, was identical to the first
except that the longer 77/92 PCR fragment (allele 2) wasused for reverse transcription polymerasechain reaction
(PCR) together with a reverse primer derived from the placed downstream of the histidinol dehydrogenase
gene (Hartman and Mulligan, 1988). It is known that the59 end of the available cDNA sequence. An open reading
frame in the amplified fragment showed significant ho- use of isogenic DNA constructs increases the efficiency
of targeted integration in murine embryonic stem cellsmology to the murine and human Rad54 proteins, indi-
cating that it encoded the N terminus of the GdRad54 (te-Riele et al., 1992).
Targeted integration of these constructs was ex-protein. The exact sequence of the first nine amino acids
of the GdRad54 remains uncertain because of the use of pected to inactivate the chicken RAD54 gene due to the
disruption of the RAD54 reading frame at amino acida degenerate oligonucleotide in the PCR. The combined
open reading frame of the GdRAD54 cDNA encoded a position 318 by the sequence of the b-ACTIN promoter.
In addition, the sequence between the primers 94 and 77protein of 742 amino acids sharing 83% and 48% of the
amino acids with the human and S. cerevisiae Rad54 that encodes the highly conserved amino acids 319±333
would be deleted.proteins, respectively (Figure 1).
Northern blot analysis of poly(A)1 RNA from different
chicken tissues revealed that the GdRAD54 mRNA was RAD542/2 Cells Are Viable but Grow Slowly
RAD54neo was transfected into the sIgM2 DT40 varianthighly expressed in bursa, thymus, testis, and ovary,
while a low level of expression was seen in all other CL18 (Buerstedde et al., 1990), and drug-resistant
clones were analyzed by long-range PCR using the 75/organs tested (data not shown).
91 primer combination. Amplification with these primers
distinguishes targeted integration into allele 1 from tar-RAD54 Targeting Constructs
About 11 kb of the GdRAD54 locus was amplified by geted integration into allele 2, since for unknown rea-
sons, sequences within the b-ACTIN promoter of thelong-range PCR using primers designed from the cDNA
sequence. The sizes of the fragments amplified with resistance marker prevented PCR amplification under
the conditions used (Figure 2b). Only the 4.5 kb fragmentdifferent primer combinations revealed the positions of
exons in the locus (Figure 2a). The 77/92 primer combi- was amplified in 7 of 15 RAD54neo transfectants, indi-
cating that RAD54neo had integrated into the isogenicnation amplified two fragments of about 4.2 and 4.5 kb
(data not shown), indicating that the two RAD54 alleles allele 1 (Table 1). One of the heterozygous RAD541/2
clones (CL181/2) was transfected by RAD54his. Histidi-of DT40 differed in size. This most likely reflected a
difference in the length of the intron sequences. It was nol-resistant clones were analyzed by long-range PCR
RAD54 Gene Disruption in DT40
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Figure 2. Disruption of the GdRAD54 Gene
(a) Schematic representation of part of the
GdRAD54 locus, the two gene disruption
constructs, and the configuration of the tar-
geted loci. Small open boxes indicate the po-
sitions of exons deduced from the positions
of primers in the cDNA sequence and from
the sizes of PCRfragments; large open boxes
represent the b-ACTIN promoter; shaded
hatched boxes represent the histidinol dehy-
drogenase gene; hatched boxes represent
the neomycin resistance gene; and solid
boxes represent the KS plasmid. Numbers
represent primers used for PCR. Primers 100
and 101 were derived from the sequences of
the neomycin resistance gene and the histidi-
nol dehydrogase gene (Hartman and Mulli-
gan, 1988), respectively. B indicates relevant
BamHI recognition sites.
(b) Agarose gel electrophoresis of PCR prod-
ucts using genomic DNA of CL18, CL181/2,
CL18.12/2, and CL18.22/2 and the indicated
primer combinations. The sizes of the marker
fragments are indicated in kilobases.
(c) Southern blot analysis of BamHI-digested
DNA from CL18 (lane 1), CL181/2 (lane 2), and
CL18.12/2 (lane 3) cells using the probe
shown in (a). The positions of the hybridizing
fragments of the wild-type locus (wt) and of
the loci targeted by RAD54neo (neo) or
RAD54his (his) are indicated. One of the
BamHI sites that determines the size of the
hybridizing wild-type fragment lies outside
the part of the RAD54 locus shown in (a).
using the neomycin resistance gene±specific primer 101 by the 75/91 primer combination (Figure 2b). In addition,
Southern blot analysis proved that both copies of theand the histidinol dehydrogenase gene±specific primer
100 in combination with primer 91 (Figure 2a). Specific RAD54 gene were modified by targeted integration (Fig-
ure 2c).fragments were amplified by both primer combinations
from 5 of 70 analyzed clones, suggesting that RAD54his To reconstitute gene function, the full-length
GdRAD54 cDNA was inserted behind the chickenhad integrated in these clones into allele 2 (Table 1).
These results indicated that the GdRAD54 gene was not b-ACTIN promoter into a vector that included a copy of
the puromycin resistance marker. After transfection ofessential for DT40 cell proliferation.
A comparison of the results obtained after transfec- this construct into CL18.12/2, most of the puromycin-
resistant transfectants grew faster than the parentaltion of RAD54his into the wild-type CL18 and the hetero-
zygous CL181/2 showed that RAD542/2 clones were re- CL18.12/2, indicating that the slow-growth phenotype
had been rescued. One of these fast-growing clones,covered at a lower than expected rate (Table1). Whereas
42 of 77 analyzed clones (55% of total clones) integrated CL18.1R, was expanded for further analysis.
RAD54his into allele 2 after transfection of CL18, only
5 of 70 clones (7% of total clones) did so after transfec-
The RAD54 Clones Are Highly g-Raytion of CL181/2. This suggested that the homozygous
and MMS SensitiveRAD542/2 clones possessed a decreased survival rate.
S. cerevisiae rad54 cells are extremely X-ray sensitiveThe five clones in which a homozygous disruption
(Calderon et al., 1983). To test the radiation sensitivityof the RAD54 locus was suspected indeed grew more
of the DT40 RAD542/2 clones, dilutions of the wild-typeslowly than most of the heterozygous transfectants. Two
and mutant clones were irradiated by various doses ofof these clones (CL18.12/2 and CL18.22/2) were ana-
g-rays. The numbers of surviving colonies were enteredlyzed further. Confirming the disruption of both copies
into a graph (Figure 3a). The survival curves showedof the RAD54 gene, the RAD54 locus was not amplified
that the RAD542/2 clones were highly radiation sensitive
compared to the wild-type, the heterozygous, and the
Table 1. Results of the Transfection of RAD54neo and RAD54his
reconstituted clones.
Targeted
Total Number To determine the sensitivity to the alkylating reagent
of Clones MMS, limiting dilutions of the five clones were grown in
Transfection Allele 1 Allele 2 Random Analyzed
medium containing different concentrations of the drug
RAD54neo into CL18 7 0 8 15 (Figure 3b). Similar to the results of the analysis of X-ray
RAD54his into CL18 11 42 24 77 sensitivity, RAD542/2 clones were found to bemore MMS
RAD54his into CL181/2 9 5 56 70
sensitive than the other clones.
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Figure 3. The Radiation and MMS Sensitivi-
ties of the Different Clones
Open squares, CL18; diamonds, CL181/2; cir-
cles, CL18.12/2; triangles, CL18.22/2; and
crossed squares, CL18.1R.
(a) The number of surviving colonies and the
radiation doses are displayed on the ordinate
and on the abscissa, respectively.
(b) The number of surviving colonies and the
MMS concentrations are displayed on the or-
dinate and on the abscissa, respectively.
Comparison of the Light Chain Gene Conversion subcloned, and the inserts of multiple subclones were
sequenced. The frameshift in the light chain gene wasRates between Wild-Type and Mutant
replaced by pseudogene sequences in all sequencesRAD542/2 Cells
recovered from the sIgM1 revertants (Figure 4). Pseu-It has previously been shown that the reexpression of
dogene V8 sequences predominated among thesIgM in CL18 reflects gene conversion events in the light
RAD542/2 sIgM revertants as previously described forchain locus (Buerstedde et al., 1990; Takeda et al., 1992).
revertants of wild-type CL18 and RAG-22/2 clonesForty-eight subclones from each of the following six
(Buerstedde et al., 1990; Takeda et al., 1992).This proba-clones were analyzed for sIgM expression: a mutant of
bly results from the close similarity of this pseudogeneDT40 (DT402) in which the light chain gene had been
to the defective CL18 sequence. A pseudogene donorirreversibly disrupted by targeted integration, wild-type
exactly matching the CL18.1.5 sequence is not knownCL18, the heterozygous CL181/2, the two homozygous
among the sequences of the CB strain of chicken (Rey-RAD542/2 clones, and the reconstituted CL18.1R. The
naud et al., 1987), but it remains possible that a pseu-mean values of events falling into the gate in which the
dogene of this sequence exists in DT40. These resultssIgM1 cells were expected were determined for each
demonstrate that Ig gene conversion continued at a lowset of subclones (Table 2). The rates of sIgM reexpres-
rate in the RAD542/2 mutants.sion were calculated assuming that the subclones had
expanded to a size of 106 cells at the time of analysis
Disruption of the RAD54 Gene Strongly(Luria and DelbruÈck, 1943). These rates were 6- to 8-fold
Reduces Targeted Integrationlower in the RAD542/2 subclones than in the CL18 and
The effect of RAD54 gene disruption ontargeted integra-the CL181/2 subclones (Table 2), indicating that the
tion was tested using two different gene constructs.RAD54 gene was needed for a high rate of chicken Ig
One of the constructs, b-ACTINpur, was identical to thegene conversion. In contrast to the radiation sensitivity,
b-ACTIN gene construct described previously (Buer-
the reduced rate of sIgM reversion in CL18.12/2 was
stedde and Takeda, 1991) except that the neomycin
only partially complemented in CL18.1R.
resistance gene was replaced by the puromycin resis-
tance gene. The other construct, SIROTAgpt, was de-
Ig Gene Conversion Continues at a Low rived from a gene (J.-M. B., unpublished data) that en-
Rate in the RAD542/2 Clones codes a new member of the SNF2/SWI2 family (Troelstra
The reversion toward sIgM expression was not entirely et al., 1992). Since the SIROTA gene exists in three
prevented in the RAD542/2 clones, since the number of copies in CL18 and all three copies could be disrupted
events falling into the positive gate was on average 10- without impairing cell growth (J.-M. B., unpublished
fold higher than the background noise defined by the data), it was unlikely that the disruption of a single copy
analysis of DT402 cells. It remained possible that would impair the recovery of clones that had undergone
the sIgM revertants in the RAD542/2 clones were due targeting events.
to the repair of the frameshift in the light chain gene by b-ACTINpur was transfected into CL18, CL181/2, and
means other than gene conversion. To investigate this the two RAD542/2 mutant clones, whereas SIROTAgpt
matter, sIgM1 cells of CL18.12/2 and CL18.22/2 were was transfected into these clones as well as into
enriched by fluorescence-activated cell sorting. Two CL18.1R. Stable transfectants were selected by puromy-
rounds of cell sorting yielded populations that were cin and mycophenolic acid, respectively. Transfection
more than 95% sIgM1. Genomic DNA isolated from of the RAD542/2 clones yielded 3- to 10-fold fewer drug-
these cells was used for amplification of the rearranged resistant colonies than transfection of the other clones
(Table 3).VJ segments by PCR. The PCR fragments were then
Table 2. Analysis of sIgM Reversion Rates
DT402 CL18 CL181/2 CL18.12/2 CL18.22/2 CL18.1R
Mean (gated events) 0.014 1.163 1.038 0.124 0.168 0.206
Reversion rate Ð 10.66 3 1024 9.58 3 1024 1.26 3 1024 1.71 3 1024 2.08 3 1024
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Figure 4. Ig Light Chain Gene Sequences
from the RAD542/2 sIgM1 Revertants
Only the part of the rearranged V segment
surrounding the frameshift in the CL18 is
shown. DT40 represents a sequence found
in the original sIgM1 population of DT40
(Buerstedde et al., 1990). The sequences la-
beled CL18.1.1±4 and CL18.2.1±5 were found
repeatedly among the sequences derived
from sIgM1 CL18.12/2 and CL18.22/2 cells.
To determine the ratios of targeted to random integra- Discussion
tion after transfection of b-ACTINpur, genomic DNA of
the transfectants was digested by HindIII and analyzed We report here the phenotype caused by the disruption
of a RAD54 homolog in the chicken B cell line DT40.by Southern blotting as described (Buerstedde et al.,
1992). Targeted integrationevents into one of the endog- Compared to wild-type and heterozygous DT40 clones,
the homozygous RAD542/2 mutant clones grow moreenous b-ACTIN alleles could be recognized by the ap-
pearance of a new hybridizing fragment of about 8.7 kb slowly, are highly X-ray and MMS sensitive, and have a
reduced Ig gene conversion rate. In addition, the mu-present in equimolar amounts next to the smaller wild-
type fragment. Judged by this criterion, about half of tants showdecreased transfection and targeted integra-
tion frequencies. The growth retardation, X-ray sensitiv-the transfectants of CL18 and CL181/2 had integrated
b-ACTINpur into the endogenous locus (Figures 5a and ity, and reduced rate of targeted integration can be
complemented by the reexpression of the RAD54 cDNA.5b and Table 3). In contrast, only 1 of 60 RAD542/2
transfectants showed evidence of targeted integration. The combination of X-ray sensitivity and homologous
recombination defects in the DT40 RAD542/2 clones isThe integration pattern of SIROTAgpt was determined
by Southern blot analysis after BamHI digestion of the remarkably similar to the phenotype of the yeast rad54
mutants (Saiki et al., 1980; Calderon et al., 1983; Murisgenomic DNA. Targeted integration into the SIROTA lo-
cus led to the appearance of a new hybridizing fragment et al., 1996; Muris et al., 1997). It therefore seems likely
that the function as well as the primary structure of theof about 1.8 kb (Figures 5c and 5d). A fragment of this
size was seen in half of the transfectants of CL18 and RAD54 gene was conserved during eukaryotic evolu-
tion. Genetic analyses in S. cerevisiae indicate that thein more than a quarter of the transfectants of the hetero-
zygous CL181/2 and the reconstituted CL18.1R, but in Rad54 protein cooperates with other proteins in the
RAD52 pathway to mediate the repair of DSBs by homol-none of more than 120 transfectants of the homozygous
RAD542/2 clones (Table 3). These results were con- ogous recombination (Game and Mortimer, 1974; Res-
nick, 1976; Szostak et al., 1983). The RAD542/2 pheno-firmed by PCR using primer 1 of the SIROTA locus and
primer 2 derived from the gpt gene (see Figure 5d for types in DT40 and in murine embryonic stem cells
(Essers et al., 1997 [this issue of Cell]) represent the firstdetails). Long-range PCR yielded an abundant fragment
of about 5 kb for those clones in which targeted integra- genetic evidence of the existence of an analogous DSB
repair pathway in higher eukaryotes.tion was suspected based on theSouthern blot analysis.
In contrast, only weak nonspecific fragments were am- The DT40 RAD542/2 clones show a dramatic decrease
in the frequency of targeted integration, demonstratingplified from the DNAof the otherclones (data not shown).
Table 3. Transfection and Targeted Integration Frequencies
SIROTAgpt b-ACTINpur
Number of wells
containing drug-resistant
colonies per 2 3 107
transfected cells
CL18 125 Ð Ð Ð Ð 88 Ð Ð Ð
CL181/2 120 Ð Ð Ð Ð 61 Ð Ð Ð
CL18.12/2 7 28 30 35 35 14 17 36 40
CL18.22/2 19 6 5 9 6 8 2 10 0
CL18.1R 72 35 Ð Ð Ð Ð Ð Ð Ð
Number of clones show-
ing targeted integration
per number of clones an-
alyzed
CL18 39/80 13/24
CL181/2 24/79 27/48
CL18.12/2 0/82 0/44
CL18.22/2 0/41 1/16
CL18.1R 33/77 Ð
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Figure 5. Analysis of Targeted Integration
after Transfection of b-ACTINpur and SIRO-
TAgpt
(a) Southern blot analysis of drug-resistant
clones after transfection of b-ACTINpur. The
DNA samples were digested by HindIII and
hybridized to the probe shown in (b). The
arrow marks the position of the fragment rep-
resenting the targeted allele. The sizes of
marker fragments are indicated in kilobases,
at left. Lanes 1±10, transfectants of CL18;
lanes 11±19, transfectants of CL18.12/2; lane
20, the single transfectant of CL18.22/2 that
was judged to have integrated b-ACTINpur
targeted; lane 21, controlwild-type CL18 after
targeted integration of b-ACTINpur.
(b) Schematic representation of part of the
b-ACTIN locus, b-ACTINpur, and the con-
figuration of the targeted b-ACTIN locus.
Checked boxes represent the puromycin re-
sistance gene; H indicates HindIII sites.
(c) Southern blot analysis of drug-resistant
clones after transfection of SIROTAgpt. The
DNA samples were digested by BamHI and
hybridized to the probe shown in (d). The
arrow marks the position of the fragment rep-
resenting the targeted allele. Lanes 1±10,
transfectants of CL18; lanes 11±20, transfec-
tants of CL18.12/2.
(d) Schematic representation of the SIROTA
locus, SIROTAgpt, and the configuration of
the targeted SIROTA locus. Striped boxes
represent the puromycin resistance gene; B
indicates BamHI sites.
the involvement of the RAD54 gene in this phenomenon. DSB in the chromosomal locus of mammalian cells
highly stimulates targeted integration (Choulika et al.,It has been known for a long time that targeted integra-
tion in S. cerevisiae is mediated by the RAD52 DSB 1995; Liang et al., 1996).
The reduction in the average rates of sIgM reversionrepair pathway (Orr-Weaver and Szostak, 1983; Szostak
et al.,1983). However, it has remained uncertain whether in RAD542/2 subclones indicates that the RAD54 gene
product facilitates chicken Ig gene conversion. It is cur-the same applied to targeted integration in vertebrates,
which generally occurs at much lower frequencies. Indi- rently difficult to understand why the sIgM reversion rate
is only slightly increased in CL18R. It is possible that arect evidence suggests that DSBs are required for tar-
geted integration in mammalian cells. Linearization of high level of Ig gene conversion activity requires cell
cycle regulation of the RAD54 mRNA which could notmammalian targeting vectors increases the frequency of
targeted integration, although nonhomologous flanking be achieved by expression under an artificial promoter.
Cell cycle regulation of human RAD54 mRNA has beensequences do not compromise targeting efficiency, in
contrast to the situation in S. cerevisiae (cited in Man- demonstrated (Kanaar et al., 1996).
It has been speculated that the Ig gene conversionsour et al., 1988). Moreover, an artificially introduced
RAD54 Gene Disruption in DT40
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avoid oligonucleotides whose target sequences might be disruptedactivity and the high ratio of targeted to random integra-
by introns, nucleotide combinations that contained the consensustion in DT40 reflects the expression or overexpression of
sequences for splice sites (AGA, AGG, GA, and GG) were avoideda factor that promotes the recombination of homologous
whenever possible. These primer pairs amplified about 11 kb of
sequences (Buerstedde and Takeda, 1991). The Rad54 the GdRAD54 locus under long-range PCR conditions (Boehringer
protein qualifies as such a factor, since it seems to Mannheim, Germany) starting with genomic DNA from DT40. The
positions of recognition sites were mapped for several restrictionenhance gene conversion as well as targeted integra-
enzymes to facilitate the design of the targeting constructs. Appro-tion. Bursal B cellsand DT40 have perhaps up-regulated
priate restriction enzyme recognition sites were attached to the 75/the activity of the chicken RAD54 homolog to facilitate
94 and 77/92 primer pairs. The genomic fragments amplified witha high rate of Ig gene conversion. The unusually high
these modified primers were cloned upstream and downstream of
ratio of targeted to random integration in this cell line the b-ACTIN promoter±resistance marker fusion genes. An unique
might then be explained as a coincident effect of the EcoRI site in the plasmid polylinker was used to linearize both con-
structs before transfection.increased recombination activity. This may explain why
b-ACTINpur was made by replacing part of the b-ACTIN locus bythe disruption of the RAD54 homolog in murine embry-
the puromycin resistance gene (Clontech, Palo Alto, California). Anonic stem cells (Essers et al., 1997) reduces the fre-
unique BamHI site within theplasmid polylinkerwas used to linearize
quency of targeted integration to a lesser extent than in the construct before transfection.
DT40. A better understanding of the relationship among SIROTAgpt was made using an approach similar to that for the
targeted integration, DSB repair, and chicken Ig gene GdRAD54 targeting constructs. Pairs of primers were designed
based on the available sequence of the SIROTA cDNA. These primerconversion may provide a clue as to how to improve the
pairs amplified about 11 kb of the SIROTA locus under long-rangeefficiency of gene targeting in cells of higher eukaryotes.
PCR conditions, starting with genomic DNA from DT40. The sizesIt would be interesting to identify other components
of the fragments amplified by the different primer combinations
of the DSB repair pathway in which the chicken RAD54 allowed the approximate positions of the exons and the introns to
gene seems to participate. Obvious candidates are the be determined. In addition, the positions of BamHI sites in the locus
were mapped. Genomic PCR fragments obtained with primers toproteins encoded by the known chicken RAD51 and
which restriction sites had been attached were cloned upstreamRAD52 homologs (Bezzubova et al., 1993a, 1993b). It
and downstream of the Ecogpt marker (Takeda et al., 1992). EcoRIproved impossible to obtain a homozygous DT40 dis-
sites in the downstream SIROTA fragment of the construct were
ruption mutant of the RAD51 gene (J.-M. B., unpublished destroyed by partial digestion, filling-in of the overhangs, and blunt-
data), indicating that this gene is, like its murine counter- end ligations. This allowed the excision of the targeting part of the
part, essential for cell proliferation (Tsuzuki et al., 1996). construct by EcoRI digestion before transfection.
Surprisingly, mutants belonging to the RAD52 path-
sIgM Staining and DNA Transfectionsway have not beenfound ina largecollection of mamma-
Cell culture conditions, sIgM staining, and cell sorting have beenlian X-ray±sensitive cell lines. X-ray±sensitive rodent cell
described previously (Buerstedde et al., 1990).
lines form at least eight complementation groups (Jeggo To quantitate the rates of sIgM reexpression, the different clones
et al.,1991), of which three (XRCC4, XRCC5, and XRCC7) were subcloned by limiting dilution. Since CL18.12/2 and CL18.22/2
are characterized by defects in DSB repair and site- grew more slowly than the other clones and since the number of Ig
gene conversion events might be proportional to the number of cellspecific V(D)J recombination (Pergola et al., 1993; Tacci-
divisions, analysis was performed when the subclones had ex-oli et al., 1993). The underlying mutations of the XRCC5
panded to a size of about 106 cells. Subclones of CL18, CL181/2,and XRCC7 complementation groups reside in the Ku80
and CL18.1R reached this size 9 days after subcloning, whereas
and DNA-PK genes (Taccioli et al., 1994; Blunt et al., subclones of CL18.12/2 and CL18.22/2 needed 11 and 13 days,
1995). These genes encode a DNA end-binding protein respectively. The sIgM staining procedure was slightly modified
by lengthening the incubation times of the M-1 antibody and theand a DNA-dependent protein kinase that are believed
fluorescein isothiocyanate conjugate to 45 min and by introducingto participate in the repair of DSBs by end joining. This
one additional wash after the antibody incubation and two additionalend-joining repair pathway is probably the predominant
washes after the conjugate incubation. These modifications may
DSB repair pathway in mammals (Jeggo et al., 1995). The explain the reduced levels of background in the measurements com-
analysis of X-ray±sensitive mutants that are deficient in pared with those in previous experiments (Takeda et al., 1992). The
homologous recombination should help to clarify the mean values of events falling into the gate in which sIgM1 cells
were expected were determined for each set of subclones. Threerelationship among the different DSB repair pathways
predominantly sIgM1 subclones of CL18 and two predominantlyin vertebrates.
sIgM1 subclones of CL181/2 were excluded from the analysis, since
they were most likely derived from cells that were already sIgM1 at
Experimental Procedures the time of subcloning. Since the mean value for the DT402 sub-
clones reflected the background noise, this value was subtracted
Construction of the Expression and Targeting Vectors from the mean values of the other sets of subclones to yield cor-
The full-length chicken RAD54 cDNA was synthesized by PCR using rected mean values. The rates of sIgM reexpression were calculated
overlapping primers from the cDNA clones and the 59 PCR fragment according to the equation r 5 aNtln(CaNt) (Luria and DelbruÈ ck, 1943),
for long-range PCR. A HindIII site and a BglII site were attached where r is the corrected mean value of sIgM1 cells; a is the rate of
to the most upstream and most downstream primers to facilitate sIgM reexpression; Nt is number of cells per sample at the time of
subcloning. In addition, the sequence of the upstream primer placed analysis; and C is number of samples included in the analysis.
the methionine initiation codon into the eukaryotic translation initia- DNA transfections were performed as described (Buerstedde and
tion consensus sequence. The sequence of the assembled cDNA Takeda, 1991). Drug-resistant colonies were selected in medium
was verified by DNA sequencing. This cDNA was inserted behind containing 1 mg/ml histidinol (Sigma, St. Louis, Missouri), 30 mg/ml
the b-ACTIN promoter into a plasmid that contained the puromycin mycophenolic acid (Calbiochem, La Jolla, California), or 0.5 mg/ml
resistance gene driven by the b-ACTIN promoter. This RAD54 cDNA puromycin (Clontech).
expression construct was linearized within the plasmid sequence
by EcoRI before transfection. Measurements of g-Ray and MMS Sensitivities
To amplify part of the genomic GdRAD54 locus, pairs of primers To test the radiation sensitivity of the DT40 RAD542/2 clones, dilu-
tions of the wild-type and mutant clones were plated into wells ofwere designed based on the sequence of the GdRAD54 cDNA. To
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192
96-well microtiter plates and irradiated at doses of 2, 4, 6, and 10 Bezzubova, O.Y., Schmidt, H., Ostermann, K., Heyer, W.D., and
Buerstedde, J.M. (1993b). Identification of a chicken RAD52 homo-Gy with a low dose-rate research irradiator (Gammacell 40, Atomic
Energy of Canada Limited Industrial Products). After 1 week, the logue suggests conservation of the RAD52 recombination pathway
throughout the evolution of higher eukaryotes. Nucleic Acids Res.numbers of growing colonies were counted by microscopic inspec-
tion of plates with a colony density of fewer than 400 colonies per 21, 5945±5949.
plate. At these densities even multiple colonies in the same well Blunt, T., Finnie, N.J., Taccioli, G.E., Smith, G.C.M., Demengeot, J.,
could be distinguished, because they were growing as foci. A set Gottlieb, T.M., Mizuta, R., Varghese, A.J., Alt, F.W., and Jeggo, P.A.,
of plates seeded with 500 cells of each clone was cultured without et al. (1995). Defective DNA-dependent protein kinase activity is
irradiation, and the number of colonies growing on these plates was linked to V(D)J recombination and DNA repair defects associated
used to determine the cloning efficiencies. The cloning efficiencies with the murine scid mutation. Cell 80, 813±823.
were 0.50 for CL18, 0.65 for CL181/2, 0.71 for CL18.12/2, 0.33 for
Budd, M., and Mortimer, R.K. (1982). Repair of double-strand breaksCL18.22/2, and 0.73 for CL.18.1R. Multiplying the number of seeded
in a temperature conditioned radiation-sensitive mutant of Saccha-cells by the cloning efficiency yielded the number of potential colo-
romyces cerevisiae. Mutat. Res. 103, 19±26.nies. The numbers of colonies growing on the irradiated plates were
normalized to a value corresponding to 10,000 potential colonies. Buerstedde, J.-M., and Takeda, S. (1991). Increased ratio of targeted
to random integration after transfection of chicken B cell lines. CellTo determine the MMS sensitivity, limited dilutions of the clones
were plated in 96-well microtiter plates in 50 ml Iscove's modified 67, 179±188.
Dulbecco's medium (IMDM) medium per well containing double the Buerstedde, J.M., Reynaud, C.A., Humphries, E.H., Olson,W., Ewert,
concentration of additives of the usual culture medium (Buerstedde D.L., and Weill, J.C. (1990). Light chain gene conversion continues
et al., 1990). Subsequently, 50 ml of IMDM medium containing a at high rate in an ALV-induced cell line. EMBO J. 9, 921±927.
certain concentration of MMS (Fluka, Switzerland) was added. This
Calderon, I.L., Contopoulou, C.R., and Mortimer, R.K. (1983). Isola-approach was taken to avoid inactivation of the MMS by fetal calf
tion and characterisation of yeast DNA repair genes. Curr. Genet.serum prior to contact with the cells. After 1 week the numbers of
7, 93±100.growing colonies were counted by microscopic inspection of plates
with a colony density of fewer than 250 colonies per plate. Based Choulika, A., Perrin, A., Dujon, B., and Nicolas, J.F. (1995). Induction
of homologous recombination in mammalian chromosomes by us-on the numbers of colonies growing in medium to which no MMS had
been added, the numbers of colonies growing in MMS-containing ing the I-SceI system of Saccharomyces cerevisiae. Mol. Cell. Biol.
15, 1968±1673.medium were normalized to a value corresponding to 1000 potential
colonies. There seemed to be more variation in the data points Contopoulou, C.R., Cook, V.E., and Mortimer, R.K. (1987). Analysis
compared to those in the X-ray sensitivity testing. Comparison of of DNA double strand breakage and repair using orthogonal field
plates containing different dilutions of cells indicated that relatively alternation gel electrophoresis. Yeast 3, 71±76.
more colonies were observed onplates with higher colony densities.
Dieken, E.S., Epner, E.M., Fiering, S., Fournier, R.E.K., and Groudine,At least part of the variation may be due to stimulation of the growth
M. (1996). Efficient modification of human chromosomal alleles usingof a colony in the MMS-containing medium if other colonies were
recombination-proficient chicken/human microcell hybrids. Naturepresent in the same well.
Genet. 12, 174±182.
Emery, H.S., Schild, D., Kellogg, D.E., and Mortimer, R.K. (1991).Measurements of Targeted Integration Frequencies
Sequence of RAD54, a Saccharomyces cerevisiae gene involved inGenomic DNA of drug-resistant clones was isolated from 10 ml
recombination and repair. Gene 104, 103±106.cultures. Southern blot analysis was done as described previously
(Buerstedde and Takeda, 1991). Long-range PCR (Boehringer Mann- Essers, J., Hendricks, R.W., Swagemakers, S.M.A., Troelstra, C., de
heim, Germany) was performed according to the instructions of the Wit, J., Bootsma, D., Hoeijmakers, J.H.J., and Kanaar, R. (1997).
manufacturer in a 25 ml total volume, expect that wax particles Disruption of mouse RAD54 reduces ionizing radiation resistance
(Perkin-Elmer) were used to ensure a hot start. The PCR products and homologous recombination. Cell 89, this issue.
were analyzed on 0.8% agarose gels.
Game, J.C. (1993). DNA double-strand breaks and the RAD50-
RAD57 genes in Saccharomyces. Semin. Cancer Biol. 4, 73±83.
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